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Orientations during drained and undrained triaxial shear tests on an artiﬁcially made clayey soil were studied. The results show that the
orientation pattern before shearing is nearly random, although there may be some degree of preferred orientation caused by the overburden
pressure. Becoming higher towards the failure plane, the degree of preferred orientation sharply increases in both tests as the compression
increases until failure. It was discovered that in the consolidated undrained tests, failure occurs at higher levels of strain than previously believed,
while in the consolidated drained tests, failure occurs at much lower levels of strain than previously believed.
The results indicate the formation of a wider deformation zone towards and at failure in the drained tests. This is probably because particles in
the drained tests have enough time to respond to the applied shear stress and change their orientation accordingly. This may explain the formation
of wider deformation zones along creeping (aseismic) faults and narrow zones along seismic faults whose mechanisms are analogous to the
drained and undrained tests, respectively.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: Triaxial shear test; Soil structure; Soil fabric; Preferred orientation; Seismic; Aseismic1. Introduction
Most soils and rocks, when deformed in shear, develop
shear planes across which the relative displacement of the
material particles takes place. In the ﬁeld, shear planes can be
encountered as faults and landslide failure planes as well as
failure planes in foundation soils that failed as a result of
excessive loading from an engineering structure. Shear planes
can also be seen in soil samples subjected to triaxial and3 The Japanese Geotechnical Society. Production and hosting by
0.1016/j.sandf.2013.08.002
g author.
sses: cetinh@cu.edu.tr, cetinh1@gmail.com (H. Cetin).
der responsibility of The Japanese Geotechnical Society.uniaxial (unconﬁned) compression and direct-shear tests in the
laboratory. Since Trollope and Chan's (1960) hypothetical
suggestion of step–strain behavior and how soil structure
changes along shear planes, a number of studies have been
conducted on soil structures along natural and laboratory-
induced shear planes in soils. When a soil deposit is sheared,
whether in the ﬁeld or in the laboratory, the micromorpholo-
gical properties of the soil are severely altered, as shown by
Morgenstern and Tchalenko (1967), Sloane and Nowatzki
(1967), Chandler (1973), Garga (1973), Crampton (1974),
Barton (1974), Douglas (1981), Low et al. (1982), Douglas
et al. (1983), Cetin (1998), Cetin and Soylemez (2004) and
Higo et al. (2011). Shearing changes the structure (micro-
structural units) ﬁrstly by breaking down the particles and/or
the aggregate assemblages, and then by rearranging them.
The ﬁnal structure of a soil deposit depends on both the initial
structure of that soil and the changes that have occurred to theElsevier B.V. All rights reserved.
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a soil deposit reﬂects all facets of the soil composition, stress
history, present state and environment (Mitchell, 1993).
Particles in motion tend to have a signiﬁcant preferred orienta-
tion in space (Knopf and Ingerson, 1938). During shear, depending
on the magnitude of the displacement, the soil composition and its
consistency (Morgenstern and Tchalenko, 1967), pores, particles
and other constituents within the shear zone generally align with
their long axes parallel to the shear stress acting on the shear plane
(Sloane and Nowatzki, 1967; Pusch, 1970; Crampton, 1974;
Douglas et al., 1983; Mitchell, 1993), while outside of this zone,
they tend to align with their long axes normal to the major
principal stress direction (Morgenstern and Tchalenko, 1967;
Tchalenko, 1968; Morgenstern, 1969; Garga, 1973).
Pores of soils that have been subjected to stress have a
preferred orientation (Ingles and Lafeber, 1966; Murphy et al.,
1977). The distribution of the pore pattern in a soil depends on
both the direction and the magnitude of the stress applied to
the soil (Barton, 1974; Lafeber, 1962) and the pore distribution
that preceded the application of the stress (Ingles and Lafeber,
1967). The orientation of the particles and the pores in soils
can be quantitatively studied under both optical and electron
microscopes using various soil micromorphological methods,
including thin sections and polished blocks (Brewer, 1976;
FitzPatrick, 1993; Mitchell, 1993).
The engineering parameters of cohesive soils, such as strength,
compressibility and permeability, are ultimately derived from the
way in which the particles interact under a load; therefore, a study
of the soil structure is basic to an understanding of the engineering
behavior of such soils in engineering practice (Holtz and Kovacs,
1981; Bowles, 1984; Mitchell, 1993). In fact, the soil structure and
its effects on the various engineering properties, and therefore, the
different soil behaviors, have long been studied by many
researchers. They include Trollope and Zafar (1955, 1956),
Mitchell (1956), Lambe (1958), Seed and Chan (1959), Trollope
and Chan (1960), Lafeber (1962), Sloane and Kell (1966), Ingles
and Lafeber (1966, 1967), Morgenstern and Tchalenko (1967),
Sloane and Nowatzki (1967), Tchalenko (1968), Morgenstern
(1969), Pusch (1970), Diamond (1971), Yoshinaka and Kazama
(1973), Chandler (1973), Garga (1973), Crampton (1974), Barton
(1974), Murphy et al. (1977), Douglas (1981), Low et al. (1982),
Douglas et al. (1983), Mitchell (1993), Cetin (1998, 2004), Cetin
and Soylemez (2004), Cetin et al. (2007), Mukunoki et al. (2009),
Horpibulsuk et al. (2009) and Higo et al. (2011).
The main purpose of this study is to investigate how the
structure changes during the drained (slow) and undrained
(fast) triaxial shear tests on a cohesive sandy silt–clay soil.
Orientations of the particles, pores and other constituents were
measured at various axial strain levels or triaxial shear
displacements below and above the failure point. Changes in
particle orientations at various points of distance above and
below the failure planes were also studied.
2. Methodology
An artiﬁcial soil was prepared by mixing a natural clay soil
with 33.3% (by mass) muscovite mica sand, 0.125–1 mm insize, derived from a muscovite schist rock. The clayey soil and
muscovite schist rock were obtained from the Handere forma-
tion of the late Miocene to Pliocene age (Schmidt, 1961) and
Niğde Metamorphics of the late Cretaceous age (Göncüoğlu,
1986), outcropping in the Adana basin and eastern Taurides,
respectively, in southern Turkey. The purpose of using platey
muscovite mica particles was to increase the number of
measurable elongated particle constituents in the soil.
The soil mixture was put in four metal boxes, 23 23 34
cm3, and kept saturated for about one year under a pressure of
about 2.75 kPa in order to produce an artiﬁcial block sample
with an initial soil structure. Then, cylindrical sub-samples,
10 cm in height and 5 cm in width, were taken from these
block samples using sampling tubes after they had been
trimmed to avoid side effects according to ASTM D 1587-
00 (2003). The sub-samples were wrapped in aluminum foil,
coated with wax, wrapped in cheesecloth, coated again with
wax and stored in a room with controlled humidity.
A grain size analysis and Atterberg limits tests were
performed in order to classify both the natural and the artiﬁcial
soils according to the Uniﬁed Soil Classiﬁcation System
(USCS). The tests and the classiﬁcation were performed
following the American Society of Testing Materials (ASTM
D 422-63, 2003; ASTM D 4318-00, 2003; ASTM D 427-98,
2003; ASTM D 2487-00, 2003).
A standard consolidation test was performed on one of the
sub-samples in order to determine the time periods needed to
achieve consolidation of 50%, 90% and 100% (t50, t90 and t100)
which are, in turn, needed to determine the time to failure (tf)
and the shear-rate for the drained tests as well as the
preconsolidation pressure. The test was performed following
ASTM D 2435-96 (2003). The Casagrande (1936) method was
used to determine the preconsolidation pressure (maximum
effective stress). ASTM suggests a loading schedule, which is
obtained by doubling the pressure on the soil to obtain values
of approximately 250, 500, 1000, 2000, 4000, etc. lbf/ft2 (12,
24, 48, 96, 192, etc. kPa). A ﬁner loading schedule, between
0.3 and 1007 kPa, was followed to obtain a more precise void
ratio versus log effective pressure curve with a distinct break,
which is needed for a more accurate preconsolidation stress
value. The consolidation apparatus consisted of a ﬁxed-ring-
doubly-drained consolidometer (ELE C-328), a loading frame
(ELE C-320A) and a data acquisition system.
Another sub-sample was put in the triaxial testing device,
loaded under a conﬁning or cell pressure of 20 kPa for 24 h
and then taken out of the device. This and another sub-sample,
taken directly from one of the artiﬁcially prepared block
samples, were used to determine the orientation patterns before
triaxial shearing; one before and one after the application of
conﬁning pressure. The rest of the sub-samples were placed
separately in the triaxial testing device, saturated and con-
solidated under a conﬁning pressure of 20 kPa for 24 h and
tested to axial strain levels of 1–20% under drained and
undrained conditions. The samples were then taken out of the
device and wrapped in aluminum foil, coated with wax,
wrapped in cheesecloth, coated again with wax and shipped
to the Thin Section and Micromorphology Laboratory of the
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versity of Stirling in Scotland for thin sectioning in the direction
perpendicular to the shearing plane (theoretical or formed)
(Fig. 1), along with the previous two sub-samples not subjected
to triaxial testing or shearing. There, the samples were ﬁrst
vacuum-impregnated with blue epoxy resin for hardening.
Using blue epoxy helped to identify the pores easily. The thin
sections were ground in oil since the samples contained a
considerable amount of clay sensitive to water. Thin sectioning
was needed to study the orientation patterns in the above-
mentioned axial deformation range above and below the failure
points at various distances from the failure planes or the
potential failure planes. The undrained tests were performed
under an axial deformation or compression rate of 0.04 mm/min
in general accordance with ASTM D 4767-95 (2003). The
drained tests were performed similarly to the undrained tests,
except that a slower rate (0.0045 mm/min) was used so as to
allow for drainage.
The conﬁning pressure was chosen to be 20 kPa (slightly
over the preconsolidation pressure) so that the changes in
studied orientation would mainly be caused by the shear stress,
not the conﬁning or cell pressure. Loading close to the
preconsolidation stress causes only a small change in the
structure of a cohesive soil, as demonstrated by Cetin (2004).
The triaxial shear tests were performed using a triaxial testing
device (VJ Technology TRI-SCAN50, Advanced Digital Triaxial
System) at the Soil Mechanics Laboratory (the only internation-
ally accredited Turkish laboratory) of the Technical Research and
Quality Control Department (TAKK: Turkish acronym) of theFig. 1. Sketch of a sample that includes the shearing plane and the thin
sectioning direction.General Directorate of State Hydraulic Works (DSI: Turkish
acronym) in Ankara, Turkey.
The thickness of the shear band in the experimental studies
varied from 20 μm to several millimeters depending on the
nature of the shear plane and the constituents of the shear band
(Skempton and Petley, 1967; Tchalenko, 1967; Morgenstern
and Tchalenko, 1967; Pusch, 1970; Foster and De, 1971;
Chandler (1973); Garga, 1973; Tovey and Wong, 1980; Higo
et al., 2011). In this study, similar to the Pusch (1970) zones of
Zone 1, Zone 2 and Zone 3, the thin-sections were divided into
three zones, namely, Center Zone, Intermediate Zone and
Outer Zone. The Center Zone is the closest to the failure plane,
covering an area 5 mm above and below the failure plane.Shear Plane
Center Zone
10 mm
5 mm
Outer
Zone
Outer
Zone
Intermediate
Zone
Intermediate
Zone
Fig. 2. Method of measurement: (a) marking the long axis of oriented particles
(photograph taken under crossed polars); (b) view of the marked oriented
particles in the three zones.
Table 1
Soil properties.
Natural soil Artiﬁcial soil
Water content (%) 28.2 23.6
Liquid limit (%) 43.2 35.4
Plastic limit (%) 23.5 20.0
Shrinkage limit (%) 16.6 13.9
Plasticity index (%) 19.7 15.4
Speciﬁc gravity 2.74 2.71
Grain size (%)
Gravel 0.0 0.0
Sand 4.5 31.2
Silt 48.2 33.4
Clay 24.6 15.9
Colloid 22.7 19.5
Soil type (USCS) CL CL
Description Silty clay Sandy silty-clay
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areas between 5 and 15 mm above and below the failure plane.
Finally, the Outer Zone is the farthest from the failure plane
and includes areas beyond 15 mm above and below the failure
plane (Fig. 2). Since the maximum muscovite mica sand size
in our samples is 1 mm, we considered 10 mm (5 mm on each
side of the failure plane) to cover the shear band as an
appropriate value.
The samples tested under the axial strain near, at and after the
failure (or after approximately 50% of the failure strain, similar to
Sloane and Nowatzki(1967)) developed noticeable or identiﬁable
failure planes, being approximately 301 to the s1 axial stress
direction, as expected theoretically. However, the failure planes of
the samples tested under very low axial strain before failure were
usually either not clear or not formed yet. In these cases, a
theoretical plane 301 to the s1 axial stress (maximum principal
stress) was taken as the potential failure plane, assuming no
rotation, in accordance with Lambe (1951), Pusch (1970),
Tchalenko (1970), Jeager, Cook (1979), Davis (1984) and
Engelder (1993). Photographs of microstructures typical of the
studied zones at different axial strain levels before and after failure
were taken using a digital microscopic camera (Leica DFC).
The azimuths of the axes of the oriented particles (mainly
muscovite mica particles), pores and other constituents, such as
some clay domains, were measured in the three zones on the thin
sections, as suggested by Brewer (1976), after they were scanned
into appropriate computer programs using an HP Photosmart
C3100 scanner. Once the images were in the computer, they
could be marked up, as shown in Fig. 2(a), to locate points at
each end of the longest visible chord using Image-Pro Plus 4.4.
Then the coordinates at each end of such chords were read off as
the points were located. The orientations could then be deter-
mined. Orientations within 2 mm at the sides were not measured
in order to eliminate the possible effects of the loading cap and/or
trimming during the preparation of the samples. The averages of
the measurements taken, with respect to the failure plane or the
potential failure plane, were found. The orientation patterns could
then be presented graphically by plotting the data on rose
diagrams, as suggested by Brewer (1976). The thin sections were
also examined both under crossed polars and in plane-polarised
light in order to delineate the general aspects of the soil structures
throughout the thin section areas.
Apparently, the mixing of the platey muscovite mica particles
increased the number of measurable elongated particle constitu-
ents considerably. The work of Lafeber (Barton, 1974) suggested
that 400 to 500 measurements would give a good representation
of the pore distribution on a rose diagram. Orientations of more
than 700 features (mainly muscovite mica particles), whose long
axes varied from about 50 μm to 1 mm, were measured in each
thin section.
3. Results and Discussions
3.1. Soil classiﬁcation
The soil indices and grain size curves of both the natural and
the artiﬁcial (mixture) soils are given in Table 1 and Fig. 3,respectively. According to the USCS, both the natural and the
artiﬁcial soils are classiﬁed as CL-type soils, with medium
plasticity. The majority of the clay minerals are smectites and
the remainder are illites and kaolinites (Yücesoy 1998; Uras
et al. 2005).
3.2. Consolidation tests
The void ratio versus log of effective stress curve for the
consolidation tests carried out on one of the sub-samples is shown
in Fig. 4. Using the Casagrande (1936) method, the maximum
effective (preconsolidation) stress was found to be 14.7 kPa.
Apparently, the soil became overconsolidated, probably as a result
of desiccation, during its creation during the one year period.
A conﬁning or cell pressure of 20 kPa (slightly over the
preconsolidation pressure) is chosen so that changes in the studied
orientation are caused mainly by the triaxial shear stress and not by
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solidation stress causes only a small change in the structure of a
cohesive soil, as demonstrated by Cetin (2004).
Using the deformation versus square root and log of time
curves (Fig. 5) and ASTM D 4767-95 (2003), the axial
deformation or compression rates for the drained and undrained
tests were calculated as 0.0045 mm/min and 0.040 mm/min,
respectively. The rate of axial strain should produce an
approximate equalization of pore pressures throughout the
specimen at failure in the undrained tests.respectively; d0, corrected starting or zero point (0% consolidation); d50,
deformation reading at 50% consolidation; d90, deformation reading at 90%
consolidation; d100, deformation reading at 100% consolidation; and x, vertical
distance between 0.25 and 1 min reading points on the curve.3.3. Triaxial shear tests
In order to pre-determine the drained and undrained triaxial
shear behavior of the artiﬁcial soil, two triaxial shear tests were
performed on two of the sub-samples. The deviatoric stress
versus axial strain curves are shown in Fig. 6. As seen in the
ﬁgure, the sample in the drained test showed stress-hardening
behavior; in other words, there were no clear drops, therefore,
no pronounced peaks (failure points) on the slopes of the
curves. In these cases, it is suggested that an axial strain of
15–20% (15–20 mm axial compression in our case) be taken as
the failure point (Liu and Evett, 1984; ASTM D 4767, 2003).
The sample in the undrained test, however, showed stress-
softening behavior where the peak deviatoric stress could be
determined. Taking the 15% shear deformation as the failure
point, the maximum deviatoric stress (or deviatoric stress at
failure) for the drained test was found to be 46.84 kPa,
although the volumetric strain starts to level off at an axial
strain of about 5.5%, indicating earlier failure, which will also
be supported by the thin section analysis. The sample showing
stress-softening behavior, however, failed at a deviatoric stress
of 28.69 kPa and an axial deformation of 7.65% where the
pore pressure starts to level off at 5 kPa, therefore, supporting
this failure point (Fig. 6). The remaining sub-samples were
placed separately in the triaxial testing device and compressedup to an axial deformation of 1–20%, under the conﬁning or
cell pressure of 20 kPa, under previously determined drained
and undrained conditions (axial strains).3.4. Thin-section analysis
The rose diagrams of the orientation measurements for the
three zones described in the methodology, and for all three
zones at different axial deformations, are shown in Figs. 7 and
8. The average angles, with respect to the horizontal, are
shown in Figs. 9 and 10, respectively. Fig. 10 shows photos of
the microstructures that are typical for some of the different
axial deformations examined. It was assumed that all the sub-
samples initially had the same or similar structures, since they
were taken from the same artiﬁcially made block samples, and
that the structures examined were essentially unchanged from
those existing at axial deformations of 1–20% above and
below the failure plane.
It is clear that the orientation pattern before the triaxial shear
testing and the application of the 20 kPa of conﬁning pressure or
cell pressure is nearly random, with an average angle to failure
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Fig. 6. Deviatoric stress versus axial strain and pore pressure curves for the (a) undrained test and (b) deviatoric stress versus axial strain and volume change curves
for the drained test at 20 kPa conﬁning pressure. Arrows show failure points.
Fig. 7. Rose diagrams of the orientation measurements in the center (top rose in each group of four roses), intermediate (second rose), and outer (third rose) zones
and all three zones (bottom rose) at different axial strains in the undrained test. Orientation measurements before shear and application of the conﬁning pressure are
also provided in the box for reference. n, number of measurement; o, average angle (1).
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Fig. 8. Rose diagrams of the orientation measurements in the center (top rose in each group of four roses), intermediate (second rose), and outer (third rose) zones
and all three zones (bottom rose) at different axial strains in the drained test. Orientation measurements before shear and application of the conﬁning pressure are
also provided in the box for reference. n, number of measurement; o, average angle (1).
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be some degree of preferred orientation caused by the small
pressure of 2.75 kPa applied for about one year in the metal
box, simulating an overburden pressure, in the making of the
artiﬁcial soil sample in the laboratory (Figs. 7 and 8). The voids
are large, generally interconnected and randomly oriented. The
soil structures show essentially the same general aspect in all
three zones or throughout the thin section area.
The orientation pattern before triaxial shearing, but after the
application of the 20 kPa of conﬁning pressure, is similar to
the orientation pattern before triaxial shearing and the applica-
tion of the above-described conﬁning pressure. It is nearly
random, with average angles to the potential or the theoretical
failure plane between 571 and 581 for the three zones (Figs. 7
and 8). The soil structures show essentially the same general
aspect throughout the thin-section. Apparently, the 20 kPa of
conﬁning pressure did not cause a considerable change in the
structure of the soil. This means that the changes in measured
orientation, which will be discussed in the next sections, are
caused mainly by the triaxial shear stresses and not by the
conﬁning or cell pressure, as planned.3.5. Consolidated undrained triaxial shear tests
The orientation pattern even at an axial deformation of 2% in
the consolidated undrained test shows clear signs of change
from the nearly random orientations of pre-shearing. The average
angle to the potential or the theoretical failure plane decreases
sharply to 55.751 for all three zones (Fig. 9(a)). This is basically
the same pattern until an axial deformation of about 12%, where
the average angles to the failure plane become 43.551, 44.741and 45.771 within the Center, Intermediate and Outer zones,
respectively, while it becomes 44.801 for all three zones.
The preferred orientation increases towards the failure plane
meaning that the particles, pores and other constituents tend to
become parallel to the shear plane as shearing continues. From
this point on, however, the average angle (43.551) to the failure
plane in the Center Zone stays about the same up to an axial
deformation of 15%, while it increases slightly in the other two
zones. Then, once again, it decreases sharply up to an axial
deformation of 20% in all three zones (Fig. 9(a)). This
indicates that further shearing soon after failure does not cause
considerable additional preferred orientation near the failure
plane; however, prolonged shearing does cause considerable
additional preferred orientation probably as a result of particle
interlocking. These results suggest that from the structural
point of view, the failure in the undrained test occurred at an
axial deformation of 12%, not 7.65%, as shown on the stress–
strain curve (Fig. 6(a)).
3.6. Consolidated drained triaxial shear tests
Similar to the consolidated undrained tests, the orientation
pattern in the consolidated drained tests, even at an axial
deformation of 2%, also shows clear signs of change from the
nearly random orientations of pre-shearing. The average angle to
the potential or the theoretical failure plane decreases from 541 to
561 for all three zones at an axial deformation of 2% (Fig. 9(b)).
This is basically the same pattern up to an axial deformation of
6%, where the average angles to the failure plane become 50.611,
50.881 and 51.311 within the Center, Intermediate and Outer
zones, respectively. The average angle to the failure plane is
consistently lower towards the Center zone. This indicates that the
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that the particles, pores and other constituents tend to become
parallel to the shear plane as shearing continues. Between axial
deformations of 6% and 15%, however, there is a very low to
moderate increase in the degree of orientation. For example, the
average angles to the failure plane at an axial deformation of 15%
become 48.541, 49.401 and 50.221 within the Center, Intermedi-
ate and Outer zones, respectively. From this point on, the average
angles to the failure plane decrease sharply for all three zones
(Fig. 9(b)). They become 46.151, 46.851 and 47.391 within the
Center, Intermediate and Outer zones, respectively, at an axial
deformation of 20%. These results suggest that from the structural
point of view, the failure in the drained tests may have occurred
at an axial deformation of about 6%, as opposed to failure at an
axial deformation of 15%, suggested for soil samples showing
stress-hardening behavior. This is also supported by the volumetric
strain versus axial strain curve in Fig. 6(b).Towards and at failure, the differences between the average
angles in the Center and Intermediate zones in the drained tests
are less than they are in the undrained tests which, similar to
Cetin and Soylemez (2004), indicate the formation of a wider
zone of preferred orientation in the drained tests. This may be
due to the fact that particles in the drained tests have enough
time to respond to the applied shear stress as opposed to the
undrained tests, where there is not enough time for the particles
to respond and change their orientation under the applied shear
stress. This may explain why most of the deformations generally
occur in wide zones along tectonically active creeping (aseismic)
faults, whose mechanisms are analogous to the drained shear
tests, and narrow zones along seismic faults, whose mechanisms
are analogous to undrained shear tests, as shown by Cetin (1997,
1998, 2000).
The results conﬁrm the general conclusions of many studies
that pressure induces preferred orientation of fabric elements.
Similar results were reported in studies using different techni-
ques on natural (faults and landslides) and laboratory-induced
shear planes. The results of these studies showed that during
shear, depending on the magnitude of the displacement, the soil
composition and its consistency (Morgenstern and Tchalenko,
1967), the particles, pores and other constituents within the
shearing (failure) zone of several tens to hundreds of microns in
thickness tend to align with their long axes parallel to the shear
stress acting on the shear plane (Sloane and Nowatzki, 1967;
Pusch, 1970; Crampton, 1974; Douglas et al., 1983; Mitchell,
1993; Cetin and Soylemez, 2004). Outside of this zone,
however, they tend to align with their long axes normal to the
major principal stress direction (Morgenstern and Tchalenko,
1967; Tchalenko, 1968; Morgenstern, 1969; Garga, 1973; Cetin,
1998; Cetin and Soylemez, 2004).
4. Conclusions
Artiﬁcially made soil samples mixed with muscovite mica
sands can be used to study the orientation of particles, pores
and other constituents during drained and undrained triaxial
shear tests on cohesive soils. Platey muscovite mica particles
increase the number of measurable elongated particle consti-
tuents considerably.
The orientation pattern before triaxial shear was nearly
random. In general, the average angles to the failure plane
decrease as the shearing continues in both drained and
undrained tests, and the degree of preferred orientation
increases towards the failure plane. This is basically the same
pattern until failure occurs, indicating that the particles, pores
and other constituents tend to become parallel to the failure
plane. After failure in the undrained tests, in which the shear
rate is high, the average angle to the failure plane stays about
the same for a while and then decreases sharply near the failure
plane, while it increases slightly at ﬁrst and then decreases
sharply away from the failure plane, which indicates consider-
able additional preferred orientation probably as a result of
particle interlocking due to prolonged shearing after failure.
After failure in the drained tests, in which the shear rate is
slow, however, the average angle to the failure plane decreases,
5 μm
Fig. 10. Photographs of microstructures typical of the center zones at different axial strains examined before and after failure: (a) at 2%, (b) 6%, (c) 15% and (d)
20% axial strains in the undrained test and (e) 1%, (f) 6%, (g) 15% and (h) 20% axial strains in the drained test. All photographs were taken under crossed polars.
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sharply in all three zones, which indicates (unlike the undrained
tests) only very low to moderate additional preferred orientation
as a result of particle interlocking after failure, probably because
particles had enough time to respond to the applied effective
stresses.
The shear rate and, in turn, the drainage conditions seem to
have an effect on particle orientation. The slower the shear
rate, the more easily drainage occurs, without the development
of pore pressure, and the particles have enough time to respond
to the applied stresses and orient accordingly.
In addition, towards and at failure, the differences between
the average angles in the Center and Intermediate zones in thedrained tests are less than they are in the undrained tests,
indicating the formation of a wider zone of preferred orienta-
tion in the drained tests. This is probably because particles in
the drained tests have enough time to respond to the applied
shear stresses and change their orientation accordingly. This
may be the reason why most of the deformations along
tectonically active creeping (aseismic) faults, analogous to
the drained shear tests, occur in wide zones as opposed to
seismic faults (analogous to the undrained shear tests) along
which most of the deformations occur in narrow zones.
Finally, the results of this study indicate that from the structural
point of view, the failure of cohesive sandy silt-clay soils,
showing stress-softening behavior in the undrained triaxial tests,
H. Cetin, A. Gökoğlu / Soils and Foundations 53 (2013) 628–638 637may occur at later axial deformations than the ones indicated as
failure points on the stress-strain curves. The failure of the same
soils showing stress-hardening behavior in the drained tests,
however, may occur at earlier axial deformations than an axial
strain of 15–20%, as suggested for soils showing this kind of
behavior. This is probably because particles in the undrained tests
(also called quick or fast tests) do not have enough time to
respond to the applied shear stresses, which, in turn, causes a
delay in the failure.
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